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A novel technique based on direct thick film writing has 
been developed for the rapid prototyping of microfluidic 
devices. The direct writing process is based on pressure driven 
dispensing of precursor materials through a micro-capillary tip. 
The process exhibits wide latitude in both the materials that can 
be patterned and the substrate formats and shapes that can be 
accommodated. A fabrication process flow sequence with 
general applicability to microfluidic devices was developed and 
its efficacy was demonstrated by the construction of two-input 
mixer devices. Integration of fluidic components with electrical 
circuitry was also demonstrated. 
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Microfluidics researchers have long used semiconductor-
like processing technologies to build microchannel and 
minichannel-based devices on silicon, glass, and polymeric 
substrates [1-4]. While these traditional technologies offer 
extremely high dimensional accuracy and resolution, they 
suffer a number of disadvantages such as cost, lead time, and 
limited latitude in materials selection and substrate format. 
These drawbacks have hampered progress in a field that is still 
in its early stages of development. Thus, there is a strong need 
in microfluidics for rapid prototyping techniques that can 
reduce the time and expense involved in bringing a research 
concept to the demonstration phase. A number of rapid 
prototyping methodologies have been developed. However, 
because the performance requirements for microfluidics are so From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usebroad, no single rapid prototyping technique is universally 
applicable. There is clearly a need for more and better 
prototyping tools in the technical community’s toolkit. 
The photolithographic processes used in traditional 
semiconductor-based fabrication, with their reliance on 
sophisticated phototools, create many of the disadvantages 
outlined above. The most distinguishing characteristic of rapid 
prototyping strategies is that they accomplish pattern generation 
without using standard phototools, which are expensive and 
create long lead times. It is thus convenient to categorize rapid 
prototyping techniques according to the method of pattern 
generation employed. 
A first category of rapid prototyping techniques retains the 
use of broad area optical patterning. Fries et al., for example, 
eliminated the need for a physical phototool by incorporating a 
micromechanical optical modulator in the exposure system [5]. 
Other researchers have produced phototools from standard 
transparencies printed on digital imagesetters. Although 
transparency masks have minimum resolvable features on the 
order of 10 µm, this is sufficient for many practical 
microfluidic devices. Soft lithography can be included in this 
category since it is characteristically practiced with 
transparency phototools [6]. 
A second general approach is to replace the broad area 
exposure with a rastered, focused light source such as a laser. 
The patterning process can either be additive, such as 
microstereolithography based on photopolymerization 
processes, or substractive, as in laser ablative machining 
techniques. Other types of focused energy such as electron and 
ion beams can also be used and produce similar results. 
The final approach is to eliminate optical exposure 
altogether and use direct material deposition to achieve pattern 
generation. Chief among these approaches are liquid jetting 
techniques [7]. Jetting has been used to deposit aqueous 
solutions, polymers, and even molten metals.  Other forms of 
direct solid deposition have been demonstrated including 
pulsed laser ablation and micro-capillary deposition. 1 Copyright © 2005 by ASME 
: http://www.asme.org/about-asme/terms-of-use
DownThis paper describes a new approach to rapid prototyping 
of microfluidic devices based on a pressure-driven direct thick 
film writing process known as the MicroPen. The MicroPen 
deposition process can apply a broad range of construction 
materials to substrates of nearly arbitrary format, composition, 
and topology. This paper will describe the operation of the 
MicroPen hardware, provide fabrication processes suitable for 
building a variety of microfluidic devices, and demonstrate the 
construction of working microchannel devices. 
 




The deposition tool used in this work was a direct thick 
film writing system known as the MicoPen. An illustration and 










Fig. 1 (a) Photograph of the MicroPen. The inset shows a 
writing tip in operation; (b) functional schematic. 
 
Material to be deposited is loaded into a syringe which 
mates to the writing head of the MicroPen. The starting 
material must be deformable but it can have a wide range of 
viscosities: from water-like liquids to tar-like pastes. A 
pneumatic ram compresses the plunger of the syringe and 
forces material into the writing head. The writing head itself 
consists of an all-metal double piston-cylinder arrangement, a 
cantilevered A-frame fluidic pathway, and a micro-capillary 
writing tip. Material fed into the piston-cylinder arrangement of 
the head is pressurized up to 2000 psi and extruded through the 
writing tip. 
The substrate is typically mounted on a precision two-axis 
table but the system can also be configured with a lathe bed for 
cylindrical objects, a goniometer for spherical objects, or a 







loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Uscantilever provides the writing tip roughly ± 1 mm of vertical 
travel, so that, substrates with significant topology can be 
readily handled. 
The MicroPen is computer driven and incorporates a 
number of important control systems. The pattern to be written 
can be created on or loaded into a computer aided design 
program (AutoCAD) and modified during the writing process 
in real time. The height of the writing tip is continuously sensed 
and can be adjusted through the use of an electromagnetic 
actuator (not shown). During operation a feedback loop adjusts 
the electromagnet force to counteract the contact forces 
experienced by the tip. The implication of this is that the net 
force on the tip can be held to milligram force levels, allowing 
the MicroPen to write on extremely soft substrates as well as to 
write conformally on surfaces that are highly topographically 
active. 
 
Deposition Process Parameters 
 
The suitability of the MicroPen writing process for any 
given application is influenced by a number of factors. Clearly, 
the availability of appropriate starting materials is critical. 
Fortunately, a wide selection of useful compounds has been 
developed for the printing and thick film electronics industries. 
These materials are often called “inks” and are available in the 
form of ceramics, glasses, metals, epoxies, polymers, 
piezoelectrics, and complex composites.  
The micro-capillary writing tip has a major effect on the 
writing process. The tips are available in a variety of sizes. The 
smallest commercially available tip has an outer diameter of 
50 µm and an orifice diameter of 25 µm. The width of a written 
line of material, DL, is a complex function of tip size, writing 
parameters such as fluid flow rate and substrate speed, fluid 
characteristics, substrate properties, and tip-substrate 
interactions moderated by the fluid at the orifice. However, the 
outer tip diameter often approximates the deposited line width. 
The finest feature ever observed, achieved with an experimental 
tip, was 10 µm. The height of the line, hL, is determined by the 
writing parameters and fluid properties. In practice, the feature 
cross-section, DL x hL, is the principal user-inputted variable. 
The control system, given knowledge about the tip size and 
fluid properties, adjusts the writing parameters in order to hold 
this cross-sectional value constant. 
The cross-sectional geometry of the deposited line has 
important implications for the fabrication of microfluidic 
devices. It has been observed that the aspect ratio of the line (i.e 
hL / DL) does not exceed 1:4 to 1:3. This is a very small value 
when compared to high performance micromachining 
techniques such as deep reactive ion etching and high aspect 
ratio machining, where achievable aspect ratios can range from 
the 10s to 100s. However, when compared to other rapid 
prototyping techniques, such as jetting, the MicroPen generally 
possesses distinct advantages. Jetting techniques do not develop 
the high internal pressures available in the MicroPen and so the 
working fluids are limited in viscosity. Jetted materials tend to 
deposit as thin (less than 25 µm), broad layers of extremely low 
aspect ratio. In contrast using a 300 µm diameter capillary tip 
and a viscous paste, the MicroPen can readily pattern features 
with a height of 100 µm. It is also possible to write on an 
existing line and create multi-level structures. In one example, 
lines of a thick glassy paste were built up in five writing steps 2 Copyright © 2005 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Doto a height of approximately 1 mm. Such a multi-level writing 
scheme is a form of microstereolithography. It should be noted 
that, unlike conventional microstereolithography, multiply 
written MicroPen structures do not have to be composed of the 
same material throughout. In fact, by changing the ink used in 
the writing head, each layer can have a different composition 
and, therefore, device functionality. 
From the above discussion it should be clear that the 
MicroPen is particularly suitable for rapid prototyping 
applications requiring layers with a thickness of 25 µm and 
greater. The lateral resolution of the tool is limited and must be 
accounted for in device design. However, for many practical 
microchannel devices this resolution limit is not expected to 
present a serious problem. 
 
Fabrication Process Flows 
 
To test the efficacy of direct thick film writing of 
microfluidic devices a two-input T-junction for mixing was 




Fig. 2 Photograph of two-input microfluidic mixer using direct 
thick film writing. 
 
The mixer was fabricated on an alumina substrate having 
an array of pre-formed holes, some of which were utilized as 
microfluidic vias. A series of lines were written to serve as a 
spacer layer. The spacer layer was deposited and then fired to 
form a hard structure. Next, the microchannel layer was 
deposited as a closed path that encircled the input and output 
via holes. Note that the empty region within this closed loop 
formed the fluid flow path. The width of the fluid channel was 
determined by the local separation distance of the lines and was 
designed in this work to be approximately 100 µm. To 
complete the device a glass cover slip was gently placed on the 
microchannel layer and allowed to settle until it contacted the 
spacer layer. A final oven cure was used to produce a rigid, 
stable device. 
In order to gain a greater understanding of the fabrication 
details, the device is schematically illustrated in Fig. 3. Two 
important cross-sections are labeled in the diagram: A—A 
which cuts through the fluidic via and B—B which bisects the 
main fluidic channel. The fabrication process flow is illustrated 
in detail in Fig. 4. Note that the left side of the figure 
corresponds to section A—A while the right side applies to 
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Fig. 3 Schematic of microfluidic mixer. Note the cross-sections 
labeled A—A and B—B. 
 
Figure 4(a) shows the starting alumina substrate having an 
array of pre-formed holes. The holes had a diameter of 1.8 mm 
and were distributed on a 6 mm x 26 mm grid. The substrate 
was cleaned in a surfactant and then, as seen in Fig. 4(b), the 
spacer layer was deposited. The spacer layer was written using 
ESL 4924 dielectric ink which is a blue-dyed, high-temperature 
ceramic material. A 625 µm OD micro-capillary tip was used 
with a writing speed in the range 6.3 – 12.7 mm/s and a 
programmed cross-section of 58,000 µm2. The spacer layer was 
fired in a belt furnace with a soak temperature of 850 °C. The 
final thickness of the spacer layer was approximately 85 µm. 
Note that this thickness determines the depth of the fluid 
channel. As shown in 4(c), the microchannel layer was formed 
next. The material deposited was ESL 240SB, a blue dielectric 
ink with a lower curing temperature, and two writing steps were 
used to increase the height of the layer. The first written layer 
was stabilized with a 30 minute air cure. Then a second layer 
was written directly on top of the first. In order to assure 
registration the substrate was left in place on the vacuum chuck 
throughout the procedure.  Both layers were written with a 250 
µm tip and a writing speed in the range 6.3 – 12.7 mm/s. The 
first pass was written with a specified cross-section of 25,800 
µm2; while, the second pass had a cross-section of 12,900 µm2. 
The final height of the microchannel layer was approximately 
100 µm, slightly taller than the cured spacer layer. A schematic 
of the exact patterns used to generate the spacer and 
microchannel layers is shown in Fig. 5. It should be noted that 
the complete substrate design possessed several variations 
including a Y-branched structure and an S-shaped main fluid 
channel. Fig. 4(d) shows how the glass cover slip was placed on 
the device. The cover slip was a standard microscope slide with 
dimensions of 22 mm x 40 mm. In practice the cover slip was 
manually placed over the written layers and pressed gently to 
seat it against the spacer layer, as shown in Fig. 4(e). The final 
step of the process was to bake the device at 75 °C for 60 
minutes to cure the microchannel layer and assure its adhesion 










































Fig. 4 Fabrication process flow for the two-input microfluidic 
mixer with steps (a) through (e). See the main text for a detailed 




Fig. 5 Schematic showing the patterns used to write the spacer 
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One of the key challenges in rapid prototyping is the ability 
to fabricate devices with integrated functionalities. In particular 
electrical functionality is critical to microfluidic applications 
that require fluid pumping, temperature control, and 
electrochemical detection [8]. Direct thick film writing is 
particularly suited for the integration of complex fluidic 
devices. A simple demonstration was undertaken to integrate 
electrical circuitry with a microchannel. As shown in Fig. 6 the 
process flow was modified to include a conductive trace that 

















Fig. 6 Process flow sequence for a microfluidic device having a 
conductive circuit trace integrated into the floor of the fluid 
channel. 
 
The conductive trace was written with Metech 9695 which 




with four electrical traces. 
As mentioned ble of writing on 
three-dimensional substrates as easily as on flat ones. To 
illus
mi D 
eter of 75 µm, was used. The writing speed was 1.4 mm/s 
and the specified cross-section was 650 µm2. The pattern was 
dried in an oven at 100 °C for 30 minutes before further 
processing. The conductive traces and the spacer layer can be 
patterned in either order. Both are high temperature materials 
and require only a single 850 °C furnace cure. The remaining 
processing details are unchanged from the sequence illustrated 
in Fig. 4. A photograph of the two-input mixer with four 
electrical contacts is shown in Fig. 7. Electrical contact pads are 
visible along the bottom edge of the photograph. Note that the 




Fig. 7 Photograph of two-input microfluidic mixer integrated 
 
 above the MicroPen is capa
trate this capability the microchannel layer from the fluidic 
mixer device was deposited on the outer surface of a 25.4 mm 





Fig. 8 Demonstration of direct thick film writing of 
microfluidic structures on three-dimensional substrates. The 
crochannel layer has been deposited on a 25.4 mm O
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cust  chuck was built to make fluidic interconnects to the via 
hole




of performing rapid prototyping of 
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Fluid flow was verified using the mixer device of Fig. 2. A
om
s in the ceramic substrate. One input port was blocked off 
and a green dye solution was injected into the second input 
port. Fluid flow was easily established. The device appeared to 
be hermetically sealed and no leaks were observed. To aid 
visualization air bubbles were injected into the device. Figure 9 
shows a photograph of the outlet port where the air bubble has 
passed into the main fluid channel and begun to infiltrate into 




Fig. 9 Demonstration of fluid flow in the mixer device. After 
to aid visualization. 
The concept 
mic fluidic devices bro
fied. The MicroPen-based approach appears to have some 
specific advantages over other rapid prototyping techniques, 
particularly in the areas of thick structures, a wide palette of 
working materials, integration of microfluidic components with 
electronics, and the ability to operate on highly three-
dimensional substrates. 
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